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^ Abstract 
P-i. 

Qh! We consider extra dimensional descriptions of models where there are two separate 

strongly interacting sectors contributing to electroweak symmetry breaking ("topcolor" 
type models). In the extra dimensional picture there would be two separate (anti-de 
Sitter) bulks meeting on the Planck brane, with each bulk having its own corresponding 
IR (TeV) brane. Sources for electroweak symmetry breaking can then be localized on 
both of these IR branes, while the different generations of fermions may be separated 
from each other. We describe the modes propagating in such a setup, and consider 
the cases where the electroweak symmetry breaking on either of the two IR branes 
come either from a higgsless scenario (via boundary conditions) or a (top-)Higgs. We 
show that the tension that exists between obtaining a large top quark mass and the 
correct value of the Zbb couplings in ordinary higgsless models can be largely relieved 
in the higgsless — top-Higgs versions of the two IR brane models. This may also be true 
in the purely higgsless — higgsless case, however since that model is necessarily in the 
strongly coupled regime the tree-level results for the properties of the third generation 
may get large corrections. A necessary consequence of such models is the appearance 
of additional pseudo-Goldstone bosons ("top-pions"), which would be strongly coupled 
to the third generation. 



1 Introduction 



There has been a tremendous explosion of new models of electroweak symmetry breaking 
including large extra dimensions [1], Randall-Sundrum [2], gauge field Higgs [3], gauge ex- 
tensions of the minimal supersymmetric standard model (MSSM) [4], little Higgs [5], and 
the fat Higgs [6] . All of these new models share one feature in common: a light Higgs. With 
the realization that unitarity can be preserved in an extra-dimensional model by Kaluza- 
Klein (KK) towers of gauge fields rather than a scalar [7, 8] a more radical idea has emerged: 
higgsless models [9-12]. The most naive implementations of these models face a number 
of phenomenological challenges, mostly related to avoiding strong coupling while satisfying 
bounds from precision electroweak measurements [11, 13-21]. Collider signatures of higgsless 
models have been studied in [22,23], further discussions on unitarity can be found in [24-26], 
while other ideas related to higgsless models can be found in [27-29]. However it has gradu- 
ally emerged that, in a slice of 5 dimensional anti de Sitter space (AdSs) with a large enough 
curvature radius and light fermions almost evenly distributed in the bulk, WW scattering is 
perturbative because the KK gauge bosons can be below 1 TeV, and the S parameter and 
most other experimental constraints are satisfied because the coupling of the light fermions 
to the KK gauge bosons is small [30-32] . The outstanding problem is how to obtain a large 
enough top quark mass without messing up the left-handed top and bottom gauge couplings 
or the W and Z gauge boson masses themselves. The tension arises [33,34] because in order 
to get a large mass it would seem that the top quark must be close to the TeV brane where 
electroweak symmetry is broken by boundary conditions. However this implies that the top 
and (hence) the left-handed bottom have large couplings to the KK gauge bosons, and thus 
have large corrections to their gauge couplings. Furthermore this arrangement leads to a 
large amount of isospin breaking in the KK modes of the top and bottom which then feeds 
into the W and Z masses through vacuum polarization at one loop [33]. 

It was previously suggested [30] that a possible solution to this problem would be for 
the third generation to live in a separate AdSs. In terms of the AdS/conformal field theory 
(CFT) correspondence [35-37] this means that the top and bottom (as well as r and u T ) 
would couple to a different (approximate) CFT sector than the one which provides masses 
to the W and Z as well as the light generations. There is a long history of models where the 
mechanism of electroweak symmetry breaking is different for the third generation. This is 
most often implemented as a Higgs boson that couples preferentially to the third generation 
(a.k.a. a "top-Higgs") but has also appeared in other guises such as top-color-assisted- 
technicolor (TC 2 ) where top color [38] produces the top and bottom quark masses and 
technicolor produces all the other masses. From the point of view of AdS/CFT, double 
CFT sectors have been considered for a variety of reasons. The setup is usually taken to two 
slices of AdSs "back-to-back" with a shared Planck brane. This is intended to approximately 
describe the situation of two strongly coupled CFT's that both couple to the same weakly 
coupled sector such as would arise when two conifold singularities are near each other in a 
higher dimensional space. The tunneling between the two AdS "wells" was considered in [39] 
in order to generate hierarchies. More recently inflationary models [40] have been based on 
one or more AdS wells. For other extra dimensional implementation of topcolor-type models 
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see [41,42]. 

In this paper we will consider models of electroweak symmetry breaking with two "back- 
to-back" AdSs's in detail. The motivation for these models is to be able to separate the 
dynamics responsible for the large top quark mass from that giving rise to most of electroweak 
symmetry breaking. Thus we will assume that the light fermions propagate in an AdS$ sector 
that is essentially like the higgsless model described in [30], while the third generation quarks 
would propagate in the new AdS 5 bulk. To analyze such theories we first discuss in detail 
what the appropriate boundary and matching conditions are in such models. Then we 
consider the different possibilities for electroweak symmetry breaking on the two IR branes 
(Higgs — top-Higgs, higgsless — top-Higgs and higgsless — higgsless) and derive the respective 
formulae for the gauge boson masses. We then discuss the CFT interpretation of all of these 
results. Also from the CFT interpretation we find that there have to exist uneaten light 
pseudo-Goldstone bosons ( "top-pions" ) in this setup. This is due to the fact that doubling 
the CFT sectors implies a larger global symmetry group, while the number of broken gauge 
symmetries remains unchanged. 

After the general discussion of models with two IR branes we focus on those that can 
potentially solve the issues related to the third generation quarks in higgsless models. A fairly 
simple way to eliminate these problems is by considering the higgsless — top-Higgs case, that 
is when most of electroweak symmetry breaking originates from the higgsless sector, but 
the top quark gets its mass from a top-Higgs on the other TeV brane (which also gives a 
small contribution to the W mass ). The only potential issue is that since we assume the 
top-Higgs vacuum expectation value (VEV) v t on this brane to be significantly smaller than 
the Standard Model (SM) Higgs VEV, the top Yukawa coupling needs to be larger and thus 
non-perturbative. Also, the coupling of the top-pions to ti and tb will be of order m t /v t . 
Ideally, one would like to also eliminate the top-Higgs sector arising from the new TeV (IR) 
brane. In this case in order to get a very heavy top one needs to take the IR cutoff scale on 
the new side much bigger than on the old side (~ TeV), while keeping the top and bottom 
sufficiently far away from the new IR brane (in order to ensure that the bottom couplings are 
not much corrected). However, to make sure that most of the contributions to electroweak 
symmetry breaking are still coming from the old side one needs to choose a smaller AdS 
radius for the side where the top lives. In this case perturbative unitarity in WW scattering 
is still maintained. However, it will also imply that the new side of the 5D gauge theory is 
strongly coupled for all energies. Electroweak precision observables are shielded from these 
contributions by at least a one-loop electroweak suppression, however it is not clear that 
the KK spectrum of particles mostly localized on the new side would not get order one 
corrections and thus modify results for third generation physics significantly. 

Finally we analyze some phenomenological aspects of this class of models. An interesting 
prediction is the presence of a scalar isotriplet (top-pions), and eventually a top-Higgs. The 
top-pions get a mass at loop level from gauge interactions, and the mass scale is set by the 
cutoff scale on the new TeV brane so that they can be quite heavy. The main feature that 
allows us to distinguish such scalars from the SM or MSSM Higgses is that they couple 
strongly with the top (and bottom) quarks, but have sensibly small couplings with the 
massive gauge bosons and light quarks. They are expected to be abundantly produced at 
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the Large Hadron Collider (LHC), via the enhanced gluon or top fusion mechanisms. If 
heavy, the main decay channel is in (multi) top pairs, although the golden channel for the 
discovery is in 77 and ZZ . Thus, a heavy resonance in 77 and l + l~l + l~, together with an 
anomalously large rate of multi-top events, would be a striking hint for this models. 

2 Warmup: Boundary Conditions for a U(l) on an In- 
terval 

As an introduction to the later sections, we will in this section first present a discussion on 
how to obtain the boundary conditions (BCs) for a U(l) gauge group on an interval, broken 
on both ends by two localized Higgses. The major focus will be on explaining the effects 
of the localized Higgs fields on the boundary conditions for the bulk field, and possible 
effects of mixings among the scalars, and the identification of possible uneaten physical scalar 
fields. We will also be allowing here a very general gauge kinetic function K{z) in the bulk, 
which will mimic both the effect of possible warping, and also the presence of a Planck 
brane separating two bulks with different curvatures and gauge couplings. We use a (7(1) 
so that we keep the discussion as simple as possible, while in the later sections we will use 
straightforward generalizations of the results obtained here for more complicated groups. 

We assume that without the Higgs field being turned on the BCs are Neumann for the 
and Dirichlet for the A 5 , as in the usual orbifold projection. This is a possible BC allowed by 
requiring the boundary variations of the action to be vanishing [8]. With this choice, before 
the Higgs VEVs are turned on, there is no zero mode for the A§ and all the massive degrees 
of freedom are eaten by the massive vector KK modes. In order to be able to clearly separate 
the effects of the original boundary conditions from those of the localized fields added on 
the boundary, we will add the localized fields a small distance e away from the boundary. 
Of course later on we will be taking the limit e — > 0. 

Thus the Lagrangian we consider is: 

C = J 2 dz ^-K,{z)^F 2 MN + &6(z - U - e) + C 2 5(z - L 2 + e)| . (2.1) 

As explained above, the generic function /C encodes both the eventual warping of the space 
and a possible z-dependent kinetic term corresponding to a different g 5 on the two sides of 
the Planck brane. We also assume that any eventual discontinuity is regularized such that 
/C is continuous and non-vanishing. 

The localized Lagrangians are the usual Lagrangians for the Higgs field in 4D 1 {i = 1, 2): 

A = |^| 2 -y (|0*| 2 -^ 2 ) 2 (2-2) 

1 Note that warp factors are usually added in the localized lagrangians, so that the scale v is naturally of 
order 1/R, and A of order 1. Such factors are not relevant for the discussion at this point, so we will neglect 
them for the moment. 
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and they will induce non vanishing VEVs Vi for the Higgses, around which we expand: 



<i> i = -j=(v i + h i )e i * i ' Vi . 



(2.3) 



The above Lagrangian contains some mixing terms involving that we want to cancel out 
with a generalized gauge fixing term. Expanding up to bilinear terms: 



C 



L 2 
Li 



dz {-\fI u + \ (d z A,) 2 + \ (d,A 5 f - d,A 5 d 5 A^j 

5(z -Li-e) 



+ 



\ (d^f - l -\ 2 vlh\ + X - (8^2 - v 2 A^f + ... 



5(z-L 2 + e) \ . (2.4) 



The crucial point now is the integration by parts of the mixing term in the bulk. As a 
consequence of the displacement of the localized Lagrangians £1,2, the integral splits into 
three regions limited by the regularized branes where the Higgs interactions are localized. 
The contributions of the edges vanish in the limit e — > 0, so that the BC on the true 
boundaries are effectively "screened", and a mixing between A^ and A 5 on the branes is 
generated: 



+ 



Li 



L 2 —e 



+ 



L 2 -e 



dz)CA 5 d 5 d^ 



( [ Ll+ \ r ) dz{...) - f 2 E dzd 5 (lCA 5 )d,A»+[lCA 5 d^} L L l-l . (2.5) 

\J Li J L 2 -eJ J Li+e 

Note that the boundary terms would vanish on the true boundaries Li 2 , however they don't 
vanish on the branes at L\ + e and L 2 — e, and thus the minimization of the action will 
require that A§ has to be non-zero on the branes. In other words, in the limit e — * the A§ 
field will develop a discontinuity on the boundaries. 

We can now add a bulk and two brane gauge fixing Lagrangians 2 : 



■-GF 



S^z-U)- 



26 



d^A" + 6 ( v 2 7i 2 + —A b 



K 

2 



5{z-L 2 ) \ , (2.6) 



2 In [43] the authors considered a similar situation, but adding gauge fixing terms in the KK basis. As it 
has to be expected, our approach leads to the same results. 
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where the three gauge fixing parameters are completely arbitrary, and the unitary gauge is 
realized in the limit where all the £'s are sent to infinity. 3 This gauge fixing term is devised 
such that all the mixing terms between and A$, tti^ cancel out. The full Lagrangian then 
leads to the following equation of motion for (in the unitary gauge): 



-d z (lCd z A^ + m 2 A,) =0 



(2.7) 



while the BCs, fixed by requiring the vanishing of the boundary variation terms in Eq. (J2.4|) . 
are: 

£(£1,2) Q A . 2 



9t 



-d z A^ =f vipAp = 



(2.8) 



The bulk equation of motion for the scalar field will result in: 



m 



d 2 z ()CA 5 ) + — A 5 = , 
and the 7r's obey the following equations of motion on the branes: 



(2.9) 



(2.10) 



These last equations fix the values of tti^ in terms of the boundary values of A 5 . Finally, 
requiring that the boundary variations of the full action with respect to A 5 vanish, combined 
with the above expression ()2.10j) for the 7r's, will give the desired BCs for A^\ 



2^5 



€ 9E m /& - v z 2 







0. 



(2.11) 



From Eq. (|2.10j) one can see that tt is not independent of A 5 . In the unitary gauge 
(£ — > 00) it is also clear from Eq. (|2.9|) that all the massive modes of A 5 are removed. This is 
simply expressing the fact that A 5 and the 7r's are the sources of the longitudinal components 
of the massive KK modes, and will be eaten. The only possible exception for the existence of 
a physical mode is if there is a massless state in A$. Without the Higgses on the boundaries 
this would not be possible due to the Dirichlet BC. However, we have seen above that the BC 
for the A 5 is significantly changed in the presence of the localized Higgs, and now a massless 
state is possible. Physically, this expresses the fact that there are "enough" modes in A 5 to 

3 Note that we have chosen a bulk gauge fixing term with a different z dependence than the bulk gauge 
kinetic term, i.e., we have included a z dependence in the gauge fixing parameter £. This allows us to obtain 
a simple equation of motion for ^5 , at the price of a non-conventional form of the gauge propagator that 
will not be well suited for a warped space loop calculation in general £ gauge. In the unitary gauge that we 
will use in this paper, all the £ dependence vanishes (and thus also the z dependence of £ will be irrelevant). 
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provide all the longitudinal components for the massive KK modes. If we add some localized 
Higgs fields, then there may be some massless modes left over uneaten. We will loosely refer 
to such modes as pions, to emphasize that these are physical (pseudo-)Goldstone bosons. In 
the case of a massless physical pion mode, the BCs for simplify to: 

dAICA 5 )\ Li ^ dL2 =0. (2.12) 

The solution to the equation of motion for the zero mode is of the form: 



and using ()2.10|) we also get that 



* = m (2 ' 13) 



7Tl = - , 7T 2 = . 2.14 

As expected in the higgsless limit (namely i>j — > oo), the 7r's vanish. However, a massless 
scalar is still left in the spectrum if one chooses to break the gauge symmetry on both 
ends of the interval. It is also interesting to note that in the limit where the function K, is 
discontinuous, the solution A 5 develops a discontinuity as well. But, the function JCA 5 is 
still continuous, so that no divergent term appears in the action for such a solution. 

Finally, the spectrum also contains two scalars localized on the branes, corresponding 
to the physical Higgs fields. As in the usual 4D Higgs mechanism, they will pick a mass 
proportional to the quartic coupling, 2 = \v\ 2 (and decouple in the higgsless limits 
Vi — > oo). 



2.1 Double AdS case 

The physical setup we are actually interested in consists of two AdS 5 spaces intersecting 
along a codimension one surface (Planck brane) that would serve as a UV cutoff of the two 
AdS spaces. The whole picture can be seen as two Randall-Sundrum (RS) models glued 
together along their Planck boundary, as in Fig. ^ The two AdS spaces are characterized 
by their own curvature scale, R w and Rt- We define two conformal coordinate systems on 
the two spaces, namely (i = w,t): 

ds 2 = (rj^dx^dx" - dz 2 ^j . (2.15) 

The common UV boundary is located at the point z = Ri in the coordinate system associated 
to each brane. Each AdS space is also cut by an IR boundary located respectively at z — R' w 
and z = R' t . 

Alternatively, we can also think of the two AdS spaces as an interval with boundaries 
given by the IR branes, and the Planck brane as a singular point in the bulk. From this 
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Figure 1: Schematic view of the double AdS space that we consider. 



point of view we can apply the formalism developed above, in particular we can define the 
function /C in the two spaces: 



where we have allowed for a different value of the bulk gauge coupling on the two sides if 
<?5 7^ g' 5 . In order to maintain the traditional form of the metric in both sides of the bulk, 
we have chosen a peculiar coordinate system where z is growing from the Planck brane 
towards both the left and the right. This way most formulae from RS physics will have 
simple generalizations, however it will also imply some unexpected extra minus signs. Note 
that if g 5 = g' 5 , the function /C is continuous on the Planck brane. However, a discontinuity 
is generated if we define different gauge couplings on the two sides. As noted before, the 
only effect of such choice will be a discontinuity in the wave function of the scalar field A 5 
on the Planck brane. 

The Lagrangians localized on the two IR branes that cut the two spaces are {i = w,t): 



where, introducing the above warp factors, all the scales and constants have natural values 
namely Aj ~ 1 and Vi ~ 




(2.16) 




(2.17) 
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For the vectors, Eq. ()2.7j) reduces to the usual RS equation of motion in the two bulks, 
with BCs given by the mass terms on the respective IR branes: 

d z A,(z)\ Rlw + ^^^A,(R'J = 0, (2.18) 

d z A',(z)\ R ,+ 9 ^^^A'^ t ) = 0. (2.19) 

The equation of motion ()2.7|) is satisfied on the Planck brane as well, so we can translate 
it into matching conditions for the solutions in the two bulks. In particular, assuming that 
there are no interactions localized on the Planck brane, Eq. (12. 7)) implies that the functions 
A^{z) and K.{z)d z A ll {z) are continuous: 

A^R W ) = A'^Rt), (2.20) 

\d z A,(z)\ Rw = * d z A^z)\ Rt . (2.21) 

95 i/5 

The minus sign in the derivative matching Eq. (|2.21j) comes from the coordinate systems 
that we are using. Note that the condition (j2.21|) would be modified by localized terms: 
for instance, if we add a mass term for A^, generated by a localized Higgs, the matching 
becomes: 

4 dzM^llU. + -72 d * A »\ Rt + V hanckA, = . (2.22) 
95 95 

In particular, in the large VEV limit, it is equivalent to the vanishing of A^ (and of A' ). 

Let us next consider the equations determining possible massless scalar pion modes. As 
discussed above, from Eq. (|2.9|) we can read off that the continuity condition has to be 
applied to the functions IC(z)A 5 (z) and d z (K(z)A 5 (z)): 

\a 5 (R w ) = -^A' 5 (Rt), (2.23) 



% g' 5 



d z - 



9l - 



Rt a A' 5 (z) 

/2 z 



(2.24) 

Rt 



The solution then is: 



r2 



ir * Ft 



R'yj \ (1 



= „ = -(§) 2 a. (2 ' 25) 

Finally, the two Higgses localized on the IR branes get a mass proportional to the quartic 
couplings in the potentials: 

\2 



{v w R w y 2 _ x {v t RtY 

I? 



m h w = X w Rl2 , rn ht = A t — ^5- . (2.26) 
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Their masses are naturally of order R'' 1 or R'^ 1 respectively, and have an upper bound 
given by the breakdown of perturbative unitarity. Such limits will be much looser than in 
the SM, due to the contribution of the gauge boson KK modes, as we will see in the following 
sections. 



3 The Standard Model in Two Bulks: Gauge Sector 

We will now use our general formalism developed above to put the Standard Model in two 
AdSs bulks. Our goal will be to separate electroweak symmetry breaking from the physics of 
the third generation fermions. In each AdS bulk, we have a full SU (2) l x SU {2)r x U(l) b-l 
gauge symmetry, so that a custodial symmetry is protecting [33] the p parameter. We 
want to specify the boundary and matching conditions according to the following symmetry 
breaking pattern: on the common UV brane only SU(2)l x U(l)y survives, while on the IR 
boundaries two Higgses break the gauge group to the SU{2) D x U(1)b-l subgroup. 

The UV brane matching conditions arise from considering an SU(2)r scalar doublet with 
a B — L charge 1/2, that acquires a VEV (0, v). As discussed above, all of the gauge fields 
Ajl, Ajf, and B^ are continuous. The Higgs, in the limit of large VEV, forces the gauge 
bosons of the broken generators to vanish on the Planck brane: A^ 1,2 = and B^ — A^ 3 = 0, 
thus breaking SU{2) rxU(1) b-l to U (l)y . On the other hand, on the unbroken gauge fields 
A^ a and (g5L,95R,95 are the 5D gauge couplings of SU(2) L , SU(2) fl and U(I)b-l) 



we need to impose the continuity condition in Eq. (j2.21j) . The complete set of Planck brane 
matching conditions then reads 



at i 



z = R 



w 



Rt 



Aha A/La ARa A/Ra r> r>l 

A*W = 0,B ll -A** = t 

d z A L ^ + d z A'^ = 0, (3 ' 2) 
-^d z A* 3 + ±d z A' R3 + ^d z B u + hd z B' = . 



Here we are assuming equal 5D gauge couplings on the two sides for simplicity. In case 
of different gs's, Eqs. fl3.2|l will be modified according to the rules given in the previous 
section. However, this restricted set of parameters is sufficient for our purposes, because, as 
we will comment later, in the gauge sector the effect of different 5D couplings is equivalent 
to different AdS curvature scales on the two sides. 

Regarding the IR breaking, we will study three limits: that in which it comes from a 
Higgs on both IR branes ("Higgs — top-Higgs"), that in which most electroweak symmetry 
breaking is from a higgsless breaking while the top gets its mass from a Higgs ( "higgsless — 
top-Higgs"), and that in which we have higgsless boundary conditions on both IR branes 
( "higgsless — higgsless" ) . 
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For future convenience, we first recall the expressions for Mw in the Randall- Sundrum 
scenario with an IR brane Higgs [2,44] and in the higgsless case [9], in the limit g^i = 
at leading log order: 

M 2 w 95 f3 31 

M w , Higgs ~ filog | 4 ^' ^.dj 

Also, independent of the IR brane boundary conditions, we can express the 4D gauge cou- 
plings in terms of the 5D parameters: 

2 ~2 

tan ^ = 9hM+WY (3 ' 6) 

<? 2 = ^ w (3-7) 

i^logf^logg 

Note that the the 5D gauge couplings are related to the 4D ones via the total volume of the 
space, namely the sum of the two AdS spaces. Moreover, as we have two sets of "Planck" 
and "TeV" scales, we are assuming the logs to be of the same order in the expansion. 



3.1 Higgs — top-Higgs 

We first assume that on each IR brane we have a scalar Higgs field, transforming as a 
bifundamental under SU{2)l x SU(2)r. They develop VEVs v w and v t that break this 
group to SU(2)d, leaving U{1)b-l unbroken. We also take the localized Lagrangians in the 
form (j2.17|) . so that v w ~ 1/R W and Vt ~ 1/-R*. The VEVs will generate a mass term for the 
combination — A^, while the fields related to the unbroken subgroup 



.4 



( ±A L u a + , (3. 



Da _ 9<oh9<oR I 1 a La I 1 a Ra 
V _ ^2 , „2 



9l L + 9iR 

and have Neumann BCs. The complete set of BCs is: 

d z (^A L u a + -4-A* a ) = 0, 

K 9\l » 9% R ^ 1 ' 

atz = iC { d z (A L , a -^ a ) = - V -f^(9lL + 9lR)(A L , a -A^), (3.9) 
d z B^ = , 

and similarly on the other IR brane. 
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To determine the spectrum in this case, we use the expansion of the Bessel function for 
small argument (assuming M^B! <1), 




(3.10) 



and solve (much as in [9]). We assume that ViRi is small. We find for the W mass: 



2 _ 91l 



R w \og^- + R t log^ 





(3.11) 

This is of the form one would expect for a gauge boson obtaining its mass from two Higgs 
bosons. Note that the natural scale of the two contributions is -J^ an d -k? respectively. 

We will not discuss this case at any length, as viable Randall-Sundrum models with Higgs 
boson exist [33]. We simply note that one can construct a variety of models analogous to 
two-Higgs doublet models, in which one has distinct KK spectra for particles coupling to 
different Higgs bosons. 



3.2 Higgsless — top-Higgs 

Next we consider a case in which the IR brane at R' w has a higgsless boundary condition 
and is responsible for most of the electroweak symmetry breaking, while a top-Higgs on the 
brane at R' t makes some smaller contribution to electroweak symmetry breaking. In this 
case we have distinct BC's: 

f d z (^A L u a + 4~A Ra ) =0, 
a tz = R' w \ ^ " ^ " • (3.12) 
I A L ^-A Ra = 0, d z B, = 0, 

while at z = R[ we have the same BCs as in Eq. (13. 9|) . 
Solving as above, we find: 

Ml ~ 9 " L 



1 w 



r w log g + Rt log g \ Rl gh + gin 




2 / _2Rv_ 1 (Rt\vf\ 

This again takes the form of a sum of squares, with one term of the form found in the usual 
higgsless models (|3.4j) and one term in the form of an ordinary contribution from a Higgs 
VEV f|3.3|) . Our boundary condition is a limit as v w —> oo of the previous case, so we expect 
that for intermediate values of v w , its contribution will level off smoothly to a constant value. 
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If we want to disentangle the top mass from the electroweak symmetry breaking sector, 
we assume that v t Rt <C 1 so that the H^mass comes mostly from the higgsless AdS. In this 
case the perturbative unitarity in longitudinal ^scattering will be restored by the gauge 
boson resonances. The physical top-Higgs, arising from the AdS*, will not contribute much 
to it and will mostly couple to the top quark. We will come back to the physics of the third 
generation in Section El 



3.3 Higgsless — higgsless 

Finally, we consider a case in which both IR branes have higgsless boundary conditions 
Eq (l3~T2l . In this expected, we find: 

M 2 „ sk 2 (Rw Rt 



11 ~ ^logg + ^logf 9L + 9$r\M ^ 

2 I 2Rw 1 2i? t , , 

9 _ 2 , -2 1^ + _2 , _2 7^2 > ( 3 - 14 ) 



where we have grouped the terms for later convenience in discussing the holographic inter- 
pretation. Note that in the symmetric limit R w = R t = R, R' t = R' w = R', we recover the 
usual (one bulk) higgsless result (|3.4J) . Our expression can be reformulated in another useful 
way: 

W ~ 9k + 9l R \K + R w R?) log £ + £ log | ' (3 5) 

In this formulation there is a manifest limit where the contribution of the AdSj is small, 
namely if the volume of the new space is smaller that the volume of the old one: Rt <C Rw- 
In this case the contribution of the top-sector to My/ is suppressed. It is interesting to note 
that this property is actually related to the relative size of the 5D gauge coupling and the 
warping factor. From the matching conditions, we find that g\ is of order to the total volume 
of the space. The limit we are interested in is in fact when the 5D gauge coupling is larger 
than the warp factor in the second AdS, namely g\ ~ R w ^> R t . On the other hand, if we 
assume that there also are different gauge couplings on the two spaces, each one of the order 
of the local curvature, the decoupling effect disappears. In this sense, at the level of the 
gauge bosons, a hierarchy between the curvatures is equivalent to a hierarchy between the 
bulk gauge couplings. 

It is also interesting to study the spectrum of the resonances: at leading order in the 
log-expansion, they decouple into two towers of states proportional to the two IR scales. 
Namely: 

(n) (n) 

A4">«^, (3-16) 

where the numbers respectively the zeros of the Bessel functions Jq(x) and J\{x). 

This is true irrespective of the BC's on the TeV brane. In the higgsless case, with R t -C R w , 
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the tower of states proportional to 1/R' W receives corrections suppressed by a log: 

M w ~ *.y° + ^^^^^^ + ° {log V' N (317) 

W \ 2 9BL+95R JaQA ' )-Jo(jA ) log # ui 

This is equivalent to the states of a one brane model, up to corrections suppressed by R t / R w . 
On the other hand, the corrections to the tower proportional to 1/R' t are always suppressed 
by R t /R w . 

Finally, we can compute the oblique observables. Due to the custodial symmetry, we find 
T 0, and for the case when the light fermions are localized close to the Planck brane the 
^-parameter is: 

9 Z 9k + 95R R w log ^ + Rt log g 

Also in this case, the contribution from the additional AdS t is suppressed by the ratio R t /R w . 
Just as for the simple higgsless case the contribution to the ^-parameter can be suppressed 
by moving the light fermions into the bulk and thus reducing their couplings to the KK 
gauge bosons [30,31]. 



c ^ 6?r 2 9k Rw±Rt , 

D ~ _2 ~2 , „2 „ , R' , „ , W ' 



4 The CFT Interpretation 

We would now like to interpret the formulae in the previous section in the 4D CFT language. 
Since we now have two bulks and two IR branes, it is natural to assume that there would 
be two separate CFT's corresponding to this system. Each of these CFT's has its own set 
of global symmetries, given by the gauge fields in each of the bulks. The gauge fields which 
vanish on the Planck brane correspond to genuine global symmetries, however the ones that 
are allowed to propagate through the UV brane will be weakly gauged. Since there is only 
one set of light (massless) modes for these fields, clearly only the diagonal subgroup of the 
two independent global symmetries of the two CFT's will be gauged. 

The first test for this interpretation is in the spectrum of the KK modes. Indeed, in the 
limit where we remove the Planck brane, the only object that links the two AdS spaces, we 
should find two independent towers of states, each one given by the bound states of the two 
CFT's and with masses proportional to the two IR scales. This is exactly the structure we 
found in Eq. ()3.16|) . Moreover, the IVboson gets its mass via a mixing with the tower of 
KK modes, so that it can be interpreted as a mixture of the elementary field and the bound 
states. This mixing also introduces corrections to the simple spectrum described above, 
suppressed by the log. In the limit R t R w the VTmass comes from the AdS„, side, so 
that we expect large corrections to the states with mass proportional to 1/R' W and small 
corrections to the states with mass ~ 1/R't- This is confirmed by Eqs. ([3.17)1 . 

Let us now discuss in detail the interpretation of the electroweak symmetry breaking 
mechanisms described in the previous section. We know that the interpretation of a IR brane 
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Higgs field is that the CFT is forming a composite scalar bound state which then triggers 
electroweak symmetry breaking, while the interpretation of the higgsless boundary conditions 
is that the CFT forms a condensate that gives rise to electroweak symmetry breaking (but 
no composite scalar). Thus these latter models can be viewed as extra dimensional duals of 
technicolor type models. What happens when we have the setup with two IR branes? Each 
of the two CFT's will break its own global SU(2) L x SU(2) R symmetries to the diagonal 
subgroup either via the composite Higgs or via the condensate. We can easily test these 
conjectures by deriving, just based on this correspondence, the formulae obtained in the 
previous section via explicitly solving the 5D equations of motion. 

In order to be able to do that we need to find the explicit expression for the pion de- 
cay constant f n of these CFT's. This can be most easily found by comparing the generic 
expression of the H^-mass in higgsless models 

M 2 _ 25f 5L 1 (A 1 1 

B '" 95 W?«ii' 2 iogf (4 - 1) 

with the expression for the W^-mass in a generic technicolor model with a single condensate 

M 2 W = g 2 fl . (4.2) 
Using the tree-level relation between g and g 5 L in RS-type models we find that 

The usual interpretation of this formula [14] in terms of large- N QCD theories is by com- 
paring it to the relation 

U ~ ^7 m p> ( 4 - 4 ) 

where m p is the characteristic mass of the techni-hadrons, and iV is the number of colors. 
In our case m p ~ 1/ R', so the number of colors would be given by 

3^ 2 R 

N~ — 4.5 

9%L + 95R 

Note that one will start deviating from the large N limit once 2 f g <^ I. 

For the case when there is a composite Higgs the effective VEV (as always in RS-type 
models) is nothing but the warped-down version of the Higgs VEV 

R 

v eff = v— ■ (4.6) 

Now we can use this formula to derive expressions for the H^and Z masses in the general 
cases with two IR branes. Based on our correspondence both of the CFT's break the gauge 
symmetry, either via a composite Higgs or via the condensate. Since the gauge group is the 
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diagonal subgroup of the two global symmetries, we simply need to add up the contribution 
of the two CFT's. So for the Higgs — top-Higgs case we would expect 

+ , (4.7) 

which is in agreement with ([3. II)) . In the mixed higgsless — top-Higgs case we expect the 
Wmass to be given by 

^- 2 ^ + %^Kfe^ + (t) 2 fl' (4 ' 8) 

which is again in agreement with Eq. (|3.13|) . Finally, in the higgsless — higgsless case we 
expect the W mass to be given by 

again in agreement with the result of the explicit calculation f)3 . 1 41) . 



5 Top-pions 

5.1 Top-pions from the CFT correspondence 

We can see from the match of the expressions of the W masses above that the CFT picture 
is reliable. However, the CFT picture has one additional very important prediction for this 
model: the existence of light pseudo-Goldstone bosons, which are usually referred to as 
top-pions in the topcolor literature. The emergence of these can be easily seen from the 
gauge and global symmetry breaking structure. We have seen that there are two separate 
CFT's, each of which has its own SU(2)l x SU(2)r global symmetry. Only the diagonal 
SU(2)l x U(l)y is gauged. Both CFT's will break their respective global symmetries as 
SU(2) L x SU(2) R SU{2) D . Thus both CFT's will produce three Goldstone bosons, 
while the gauge symmetry breaking pattern is the usual one for the SM SU{2)l x U{1)y — > 
U(1)qed, so only three gauge bosons can eat Goldstone bosons. Thus we will be left with 
three uneaten Goldstone modes, which will manifest themselves as light (compared to the 
resonances) isotriplet scalars. They will not be exactly massless, since the fact that only 
the diagonal SU{2) L x U{1)y subgroup is gauged will explicitly break the full set of two 
SU{2)l x SU(2)r global symmetries. Thus we expect these top-pions to obtain mass from 
one-loop electroweak interactions. We can give a rough estimate for the loop-induced size of 
the top-pion mass. For this we need to know which linear combination of the two Goldstone 
modes arising from the two CFT's will be eaten. This is dictated by the Higgs mechanism, 
and the usual expression for the uneaten Goldstone boson is 

^ fn,t®w — fw,w&t /_ ,s 

®topn = ) , (5.1) 

I f2 i f2 

JTT,W 1 JlT,t 
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where $ Wjt are the isotriplet Goldstone modes from the two CFTs, and the f^s should be 
substituted by f n)i — > \v e g^ (i = w,t) in case we are not in the higgsless limit. Since the 
scale of the resonances in the two CFT's are given by m p ^ = -^r, we can estimate the loop 
corrections to the top pion mass to be of order 



2 / f 2 f2 

2 9 I J t,w J n,t 



"W ~ TcTJn~F>. \ 7T\ + • ( 5 - 2 



Experimentally, these top-pions should be heavier than ~100 GeV. We will provide a more 
detailed expression for their masses when we discuss them in the 5D picture. 

We can also estimate the coupling of these top-pions to the top and bottom quarks, 
assuming that the top pion lives mostly in the CFT that will give a rather small contribution 
to the VTmass, but a large contribution to the top mass. The usual CFT interpretation of the 
top and bottom mass is the following [45]: the left-handed top and bottom are elementary 
fields living in a doublet of the (£l, bi)- The right handed fields have a different nature: the 
top is a composite massless mode contained in a doublet under the local SU (2) R , while the 
bottom is an elementary field weakly mixed with the CFT states to justify the lightness of 
the bottom. Assuming that a non-linear sigma model is a good description for the top-pions, 
we find that the top and bottom masses can be written in the following SU(2)l x SU(2) r 
invariant form: 

(t R , b R /N b R )U R ( m ^ ) U L ( ) + h.c. (5.3) 

Here the suppression factor N R is due to the fact that only a small mixture of the right handed 
bottom is actually composite. To obtain the correct masses we will need N R ~ m h /m t . If 
the top-pion is mostly the Goldstone boson from the CFT t that gives the top mass then 
Ul = U R ~ e* 7 ""'' 2 ^ 1 , which implies that the coupling of the top-pion to the top-bottom 
quarks will be of the form 

{t L $H R + V2b L $-t R ) + ^-(b L $ a b R + >/2t L $-b R ) + h.c. . (5.4) 



Thus we can see that the couplings involving t R are proportional to mt/f^j, which will be 
large in the limit when the CFT does not contribute significantly to the VTmass. A similar 
argument can be made in the limit when the electroweak symmetry breaking in CFT t appears 
mostly from the VEV of a composite Higgs. In this case this Higgs VEV has to produce the 
top mass, and so we can show that the couplings of the top pions will be of order m t /v e ffj. 
Thus these couplings will be unavoidably large both in the higgsless and the higgs limit of 
the CFT t , and one has to worry whether these couplings would induce additional shifts in 
the value of the top quark mass and the Zbb couplings. 

5.2 Properties of the top-pion from the 5D picture. 

We have shown in Section |21 how such massless modes appear in the 5D picture from the 
modified BC of the A§ fields. We would like now to study in more detail their properties, 
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already inferred from the CFT picture. The first check is to show how the strong coupling 
with the top and bottom arises in the 5D picture. Let us recall how the fermion masses are 
generated through brane localized interactions [11,12]. The left- and right-handed fermions 
are organized in bulk doublets of SU(2)l and SU(2)r respectively, where specific boundary 
conditions are picked in order to leave chiral zero modes, and the localization of the zero 
modes is controlled by two bulk masses c L and c R in units of 1/R. The Higgs localized on 
the IR brane allows one to write a Yukawa coupling linking the L and R doublets (in the 
higgsless limit this corresponds to a Dirac mass term): this gives a common mass to the 
up- and down- type quarks, due to the unbroken SU{2)d symmetry. The mass splitting can 
be then recovered adding a large kinetic term localized on the Planck brane for the SU(2) R 
component of the lighter quark [11]. A similar mechanism can be used to generate lepton 
masses. 

In the higgsless — top-Higgs scenario, the localized Yukawa couplings can be written as: 

/ dZ S(yZ ~ XtopRt (X^R + h - c -) , ( 5 - 5 ) 

where \ top is a dimensionless quantity, and the 5D fields xl (vr) are the left- (right-) handed 
components that contain the top-bottom zero modes. Expanding the Higgs around the VEV: 

where the warp factor takes into account the normalization of the scalars, we can find the 
trilinear interactions involving the top-pion triplet 7r" and the top-Higgs h t . In the following 
we will assume that the fermion wave functions are given by the zero modes, basically 
neglecting the backreaction of the localized terms: this approximation is valid as long as the 
top mass is small with respect to the IR brane scale, namely m t R' t < 1. The wave functions 
are then 

^-^av ^m 2+ 7^a (5.7) 



VRt \RtJ V b i/ N i J ' ' VRt \RtJ V b r/K 

The normalizations for the L-fields are given by the bulk integral of the kinetic term, and 
are the same for top and bottom N l L = N h L . On the other hand, for the b r field, the wave 
function is dominated by the localized kinetic term on the Planck brane. This is the source 
for the splitting between the top and bottom mass, so that 

N R m b 

With this in mind, we find that: 

\o P v t Rt ( R' t \ 1+CR CL 1 

m,= ^rUJ w (5 ' 9) 
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and the couplings can be written as 



"" t tr ,^b r )(h t + za a n?)( f J ) . (5.10) 



v eff,t V ' rrn J ' " ' \ b i 

It is clear that the t(t T and b[t r couplings are enhanced by the ratio m t /v e ff tt , while the 
couplings involving the r-handed b will be suppressed by the bottom mass. This will lead to 
possibly large and incalculable contributions to the top-mass and the bi coupling with the 
Z, however it is still plausible to have a heavy top in such models. 

In the higgsless — higgsless limit the situation is more complicated: the top-pion is a 
massless mode of the A 5 of the broken generators of SU(2)l X SU(2)ji (no Higgs is present 
in this limit) and its couplings are determined by the gauge interactions in the bulk, thus 
involving non trivial integrals of wave functions. However, as suggested by the CFT interpre- 
tation, we will get similar couplings, with v e g^ replaced by f^ t , and again the requirement 
that f W)t <C M w will introduce strong coupling. This is a generic outcome from the require- 
ment that the symmetry breaking scale that gives rise to the top mass is smaller than the 
electroweak scale. 

An important, and in some sense related issue is the mass of the top-pion. As already 
mentioned, it will pick up a mass at loop level, generated by the interactions that break the 
two separate global symmetries. The top only couples to one CFT, so that its interactions 
cannot contribute to the top-pion mass. The net effect, although non-calculable due to strong 
coupling, is to renormalize the potential for the Higgs localized on the new IR brane. On the 
other hand, the only interactions that break the global symmetries are the gauge interactions 
that can propagate from one boundary to the other. In the higgsless case, assuming weak 
coupling, we expect a contribution of the form: 



C(r)gh + 9h 1 

7T Rt Rf 



F(R t /R' t ) } (5.11) 



where F(R t /R' t ) is typically order 1 [46]. In the phenomenologically interesting region, this 
effect is not calculable, as the gauge KK modes are strongly coupled. However we still expect 
the mass scale to be set by l/R' t - In the case of the top-Higgs, the gauge KK modes are 
weakly coupled to the localized Higgses, so a loop expansion makes sense and Eq. (|5.1H1 is 
a good estimate of the mass. 

Another interesting issue is the sign of the mass squared. Indeed, a negative mass square 
for the charged top-pion would signal a breakdown of the electromagnetic V(1)qed, and 
would generate a mass for the photon. The gauge contribution is usually expected to be 
positive. In other words, we need to make sure that our symmetry breaking pattern is 
stable under radiative corrections. A useful way to think about it is the following: from 
the effective theory point of view, we have a two Higgs model. The tree level potential 
consists of two different and disconnected potentials for the two Higgses, so that two different 
SU(2) L x SU(2) R global symmetries can be defined. After the Higgses develop VEVs, we 
can use a gauge transformation to rotate away the phase of one of them, but a relative phase 
could be left. In other words the tree- level potential itself does not guarantee that the two 
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VEVs are aligned and a 17(1) is left unbroken. Once we include the radiative contribution 
to the potential, the qualitative discussion does not change: some mixing terms will be 
generated by the gauge interactions, lifting the massless pseudo-Goldstone bosons, but in 
general a relative phase could be still present. So, we need to assume that the two VEVs are 
aligned, maybe by some physics in the UV. There is an analogous vacuum alignment problem 
that arises in the SM if we consider the limit of small u and d masses, where the dominant 
contribution to the mass of the 7r ± comes from a photon loop. In that case, QCD spectral 
density sum rules can be used to show that m n ± > [47]. Thus in the higgsless — higgsless 
case it is possible that the dual CFT dynamics can ensure the correct vacuum alignment, as 
happens in QCD-like technicolor theories [47]. 

A possible extension of the model is considering a bulk Higgs instead of brane localized 
Higgses, in order to give an explicit mass to the top-pion in analogy with the QCD case 
studied in [48]. We imagine that we have a single Higgs stretching over the two bulks. The 
generic profile for the Higgs VEV along the AdS space will be [49]: 

/ z \ ^+ / z \ 

«w~«( s ) • < 5 ' 12 > 

where the exponents A± = 2 ± ^4 + M£ ulk R 2 are determined by the bulk mass of the scalar. 
The bulk mass controls the localization of the VEV near the two IR branes, and in the 
large mass limit we recover the two Higgses case: all the resonances become very heavy and 
decouple, except for one triplet that becomes light and corresponds to the top-pion. Indeed, 
its mass will be proportional to the value of the VEV on the Planck brane, that is breaking 
the two global symmetries explicitly. In the CFT picture, the bulk VEV is an operator that 
connects the two CFTs and gives a tree level mass to the top-pion. However, the bulk tail 
will also contribute to the H^mass: we numerically checked in a simple case that in any 
interesting limit, when the bulk Higgs does not contribute to unitarity, the tree level mass 
is negligibly small. Nevertheless, this picture solves the photon mass issue: indeed we have 
only one Higgs. In other words, the connection on the Planck brane is forcing the two VEVs 
on the boundaries to be aligned. 

To summarize, the top-pion will certainly get a mass at loop level, whose order of mag- 
nitude can be estimated to be at least one loop factor times l/R' t . Moreover, a tiny explicit 
mixing between the two CFT, induced by a connections of the two VEVs on the Planck 
brane, would be enough to stabilize the symmetry breaking pattern and preserve the photon 
from getting a mass. It would be interesting to analyze more quantitatively these issues 
which we leave for further studies. 

6 Phenomenology of the Two IR Brane Models 
6.1 Overview of the various models 

The main problematic aspect of higgsless models of electroweak symmetry breaking is the 
successful incorporation of a heavy top quark into the model without significantly deviating 
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from the measured values of the Zbibi coupling [30]. The reason behind this tension is that 
there is an upper bound on the mass of a fermion localized at least partly on the Planck 
brane given by 

m 2 f < — 57- . (6.1) 

J — D/2 1 — , R' V ' 



R' 2 log 



R 



Since in the case of a single TeV brane the value of R' 2 log ^ is determined by the W mass, 
the only way to overcome this bound is by localizing the third generation quarks on the 
TeV brane. However the region around the TeV brane is exactly the place where the wave 
functions of the W^and Z bosons are significantly modified, thus leading to large corrections 
in the Zbb coupling. 

The main motivation for considering the setups with two IR branes is to be able to 
separate the mass scales responsible for the generation of the W mass and the top mass. 
Thus as discussed before, we are imagining a setup where electroweak symmetry breaking is 
coming dominantly from a higgsless model like the one discussed in [30], while the new side 
is responsible for generating a heavy top quark. The gauge bosons would of course have to 
live in both sides, while of the fermions only the third generation quarks would be in the 
new side. We have seen that in the higgsless — higgsless limit the W mass is given by ()4.9|) 

r'l _ fl ,-2 v ._ / 1 , R t J_\ 1 



M 2 W = g\fl w + fl t ) = ( — 2 + -^-r 2 ) ; Wl , — a . (6.2) 

-it?*; -it- 



In order to ensure that the dominant contribution to the H^mass arises from a higgsless model 
as in [30] we need to suppress the contribution of the new side by choosing ^ < 1, which 
in the CFT picture corresponds to f 2 t -C f 2 w . This way one can choose parameters on the 

"old side" similarly as in the usual higgsless models, that is l/R' w ~ 300 GeV, log ~ 10, 
resulting in a KK modes of the W and Z of about 700 GeV. The couplings will be slightly 
altered from the one-bulk higgsless model, but will remain close enough that we can maintain 
perturbative unitarity up to scales of about 10 TeV, provided the new side contributes only 
about 1% of the W mass. We will substantiate this claim numerically in a later section. All 
this can be achieved independently of the choice of -R^ 1 ! Thus we can still make 1/R' t quite 
a bit bigger than the TeV scale on the old side 1/R' W , making it possible to obtain a large 
top quark mass by circumventing the bound (|6.1|) . 

However, this framework is not without potential problems: as discussed in the previous 
section there is a light top-pion pseudo-Goldstone mode with a generically large coupling 
to the top quark, irrespective of the value of the VEV of the Higgs on the TeV brane. A 
more worrisome problem arises from the limit f 2 t <C f 2 w - In general, a condition for a 
trustworthy 5D effective field theory is that be ft = S 71 " 2 ^! ^> 1 [36], a condition that will 
be violated in the new bulk when f 2 t is too small. Violation of this condition will result 
in large 4D couplings among the KK modes of the AdSt, whose masses are proportional 
to 1/R' t , which could potentially give rise to large incalculable shifts in the expected values 
of the masses and couplings of these modes. Note however, that the coupling of the light 
H^and Z will never be strong to these KK modes: gauge invariance will make sure that the 
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Higgsless-top-Higgs 



Rt < R 




Perturbative unitarity 
in WW scattering lost 



5D effective theory 
might break down 



Higgsless-Higgsless 



Figure 2: A visualization of constraints on the parameter space. The dot at the upper-left is the 
higgsless — top-Higgs theory in which only the top Yukawa is large. The dot at lower right is the 
higgsless — higgsless theory we would like to ideally reach to decouple all scalars from the SM fields. 
Moving along the arrow pointing right, from higgsless — top-Higgs to higgsless — higgsless, one can 
potentially run into perturbative unitarity breakdown. This is not a danger when Rt <C R w , but as 
one moves along the downward arrow toward small Rt/R w , one faces increasingly strong coupling 
among all KK modes on the new side. This signals a potential breakdown of the 5D effective theory. 

couplings of the W and Z are of the order g to all of these modes. Thus the expressions 
for the electroweak precision observables will be shielded by at least an electroweak loop 
suppression from the potentially strong couplings of the KK modes. Moreover, the unitarity 
in the longitudinal ^scattering is still maintained by the KK modes of the AdS^, which are 
weakly coupled with the KK modes of the new AdS. This is again true as long as the H^mass 
mostly comes from the old side. 

Thus there is a tension in the higgsless — higgsless case between constraints from per- 
turbative unitarity of WW scattering which will want f% t <C f% w , and constraints from 
5D effective field theory. Of course, we could evade the perturbative unitarity problem by 
lowering R'f 1 to near the scale -R^" 1 , but then the new side would merely be a copy of the 
old side and one would again start running into trouble with the third generation physics. 

Alternatively, we can consider the higgsless — top-Higgs model, in which we can take 
.fir w ~ f%t but v t small. Then we again find that the new side contributes little to electroweak 
symmetry breaking and perturbative unitarity is safe, and we also have a reasonable 5D 
effective theory. In this case the only strong coupling is a large Yukawa coupling for the top 
quark. Of course, such a model is not genuinely "higgsless" in the sense that for small v t the 
Higgs on the new side does not decouple from the SM fields. However, this surviving Higgs 
will have small couplings to the Standard Model gauge bosons and large coupling to the top, 
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Figure 3: Deviation of Zbibi from SM value, as a function of bulk mass parameters, in the 
higgsless — top-Higgs case in the plot on the left and in the higgsless — higgsless case on the right. 
The coupling decreases from bottom-to-top in the left plot and left-to-right in the right plot. The 
contours (darkest to lightest) are at .5%, 1%, 2%, 4%, and 6%. 



so it can be unusually heavy and will have interesting and distinct properties. We show a 
summary of the different constraints on the parameters Rt/R w and Vt (assuming 1/R' t large) 
in Fig. El 

6.2 Phenomenology of the higgsless — top-Higgs model 

From the previous discussions we can see that the model that is mostly under perturbative 
control is the higgsless — top-Higgs model with R t ~ R w , v e jj tt < 50 GeV and l/R' t at a scale 
of 2 to 5 TeV. In the following we will be discussing some features of this model in detail. 

We can place the third-generation fermions in the new bulk and give them masses by 
Yukawa coupling to the brane-localized top-Higgs. The wave functions of the W and Z in the 
new bulk will be approximately flat. Then, from the perspective of third-generation physics 
(quantities like mt and the Zbb coupling), the physics in the new bulk looks essentially the 
same as that of the usual Randall-Sundrum model with custodial symmetry [33], with two 
important differences. The first difference is that the top-Higgs VEV v t is small, so that 
the top Yukawa coupling must be large. The second is the presence of the top-pion scalar 
modes noted in the last section. Aside from this, the results must be much as in the usual 
Randall-Sundrum model. We find that we do not have to take either the left- or right- 
handed top quark extremely close to the TeV brane to obtain the proper couplings. The 
right-handed bottom quark will mix with Planck-brane localized fermions (or, alternatively, 
will have a large Planck-brane kinetic term) to split it from the top quark. The right-handed 
bottom then lives mostly on the Planck brane, and so will have the usual SM couplings. 
The problem arising in the original higgsless model was that a large mass MpR! on the IR 
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Figure 4: Scattering processes for ti — ► VlVl of top anti-top pairs into longitudinal vector bosons. 
These processes determine the unitarity bound on the mass of the heavy top-Higgs boson in the 
higgsless — top-Higgs model. 

brane caused much of the left-handed bottom quark to live in the SU(2)r multiplet. Note 
that a similar problem would arise in a model with a brane-localized Higgs and the same 
value of R'; the usual Randall-Sundrum models evade this problem with a large 1/R'. In 
our new scenario, R' t is significantly smaller than R' w , so at tree level we are able to obtain 
the desired values of m t and the SM couplings of the bottom. We show this explicitly in 
Fig. El It corresponds to R'- 1 = 292 GeV, R'f 1 = 3 TeV, R~ x = R^ 1 w 10 6 GeV, v eff , t = 50 
GeV, and a light reference fermion on the old side for which = .515 (for these parameters 
we find S ~ —.066, T « —.032, and U ~ .010). Note that we can accommodate a change 
in the tree-level value in either direction, so loop corrections from the top-pion are not a 
grave danger. Furthermore, the masses of the lightest top and bottom KK modes are at 
approximately 6 TeV, so they should not cause dangerous contributions to the T parameter. 

We would like now to investigate the phenomenology of this model in more detail. A 
novelty with respect to the usual higgsless models is the presence of light scalars. The 
top-Higgs on the AdS t side will couple strongly to tops and give a small contribution to 
the H^mass, hence the name top-Higgs. Its tree level mass is determined by the quartic 
coupling on the IR brane m 2 h = \ t v\^ t , although large corrections could arise due to the 
strong coupling with the top. An important parameter controlling this model is 7 = 
the ratio of the (warped down) top-Higgs VEV to the usual SM Higgs VEV. If 7 -C 1, we 
can have confidence that perturbative unitarity in WW scattering is restored by the KK 
modes in the higgsless bulk, provided they have masses in the 700 GeV range. In this case, 
the top-Higgs is not needed for perturbative unitarity in WW scattering, but there is still 
a unitarity bound on its mass. This bound arises from considering ti — > V^Vl scattering, 
where Vl denotes a longitudinal W or Z boson. The relevant tree-level diagrams are shown 
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Decay Mode 


M ht > M wt 


M ht < M wt 


Remarks 


tt 


34% 


98% 


Large background, but consider associated ttH. 


W ± nf 


43% 


- 


Similar to ti. 


z4 


22% 


- 


Interesting. tiZ: four leptons, two b jets. 


w + w~ 


.35% 


1.0% 


Rare and probably difficult. 


zz 


.17% 


.50% 


Usual "golden" mode, but very rare. 


99 


.06% 


.16% 




bb 


.01% 


.03% 




77 


2.1 x 10" 4 % 


6.1 x 10" 4 % 


Very rare, but sometimes accessible. 



Table 1: Leading branching ratio estimates (subject to possibly order 1 corrections) for the heavy 
top-Higgs (assuming Mht ~ 1 TeV and 7 « 0.2). In the case Mht 3> M wt , we have assumed M nt = 
400 GeV for the purpose of calculation. These can receive large corrections, but the qualitative 
hierarchy (associated with 7 = e ^ ,t ) should persist. Using the Pythia cross-section a ~ 88 fb for 
a 1 TeV Higgs, rescaled by a factor of 7~ 2 = 25 to take into account enhanced production, we find 
an estimate of ~ 1000 ZZ events in 100 fb -1 , but only about 1 77 event. However, for Mht ~ 500 
GeV, we expect a larger cross section, ~ 7~ 2 x 1700 fb, and there could be about 100 77 events in 
100 fb . Note that the branching ratio estimates for the neutral top-pion will be essentially the 
same (with M n t and Mht reversed in the above table). 



in Fig. |U This bound sets the scale of new physics, A^p, to be (as in [50]) 

Anp < « 2.8 TeV. (6.3) 

This is computed in an effective theory given by the Standard Model with the Higgs boson 
removed and the Yukawa coupling of the top replaced with a Dirac mass. The resonances 
that couple to the top in our model are predominantly those on the new side, which have 
a mass set by -R^ -1 , which is large. Thus these resonances make little contribution to the 
scattering in question, and we can view A NP as a rough upper bound on the possible mass of 
the top-Higgs boson in our model. It is clear anyway that a heavy top-Higgs is allowed. The 
other set of scalars is an SU (2) triplet of pseudo-Goldstone bosons that we called top-pions. 
We estimated their mass in Eq J5. Ill It is set by the scale l/R' t , so that we expect them 
to be quite heavy too, at least heavy enough to avoid direct bounds on charged scalars. In 
the following we will assume a wide range of possibilities for the scalar masses, although 
the agreement of the Zbb coupling would suggest that they are heavy, likely above the ti 
threshold. 

The phenomenology of this model is still characterized by the presence of IVand Z res- 
onances that unitarize the WW scattering amplitude: this sector of the theory is under 
perturbative control so it is possible to make precise statements. For a detailed analysis of 
the collider signatures of higgsless models, see ref . [22] . Although the strong coupling regime 
does not allow us to make precise calculations, the presence of top-Higgses can provide in- 
teresting collider phenomenology for these models. The case of a top-Higgs has already been 
considered in the literature in more traditional scenarios [38,51,52]. The key feature of 
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Decay Mode 


BR 


Events in 100 fb" 1 


Remarks 


W + W~ 


40% 


4.0 x 10 e 


Probably difficult. 


bb 


22% 


2.2 x 10 6 


Large QCD background. 


99 


20% 


2.0 x 10 6 


Large QCD background. 


ZZ 


18% 


1.8 x 10 6 


Usual "golden" mode, now rarer. 


77 


.07% 


7000 


Light Higgs "golden" mode, still visible. 



Table 2: Leading branching ratio estimates (subject to possibly order 1 corrections) for the top- 
Higgs when M^t is below the ti threshold and also below the top-pion threshold. These are cal- 
culating from rescaling the SM branching ratios using M^t ~ 300 GeV. The number of events 
is estimated via the Pythia cross-section, a = 3.9 pb for M^t = 300 GeV, rescaled by a factor 
of 7~ 2 = 25 to take into account enhanced production. Alternatively, these can be viewed as 
approximate branching ratios of the neutral top-pion when its mass is below the ti threshold. 

this model is the strong coupling with the top, determined by the large Yukawa coupling 
m t /v e ff tt that is enhanced by a factor 1/7 = v/v e g$ with respect to the SM Higgs case. On 
the other hand, the couplings with massive gauge bosons are suppressed by a factor 7, as 
the contribution of the top-Higgs sector to electroweak symmetry breaking is small. There 
will be a coupling with the bottom, suppressed by m b /m t with respect to the top coupling. 
We also have couplings htW^nf and h t Zn^ of the top-higgs with SM gauge bosons and the 
top-pions. These arise from a term 2ghtA'j 1 d fJ "n'? in the Lagrangian. 

Let us first discuss the decays of the neutral scalars h t and 7if . If their mass is above the 
ti threshold, they will often decay into tops. Notably, if the mass is large, say 1 TeV, multiple 
top decays will not be suppressed due to the strong coupling. However, for M ht S> M wt , the 
width of the cascade decay h t — > W~tt^ is ^tt^S becoming quite large for a very heavy 
top-Higgs, and even surpassing the enhanced decay to tops. There is a suppressed tree-level 
decay to the weak gauge bosons. Virtual tops will also induce loop decays into gauge bosons, 
77, W + W~ , ZZ, gg, and we generically expect them to be suppressed by a factor of about 
(t^t) or (^p) with respect to the ti channel. A simple estimate shows that the 77 decay 
is suppressed, but it could still be present in a measurable number of events at the LHC in 
decays of the neutral top-pion or even of the top-Higgs if it is not too heavy. We summarize 
the various modes in Tables Q and 121 The widths are calculated at leading order. That 
is, the tree-level decays are calculated by rescaling the tree-level SM widths by appropriate 
powers of 7, except for the decays through a top-pion, which are computed directly in our 
model. (The decay to bb is computed with the running b quark mass.) Loop- level decays 
are calculated by rescaling one-loop SM results by appropriate powers of 7. These estimates 
should provide the right qualitative picture, though the large couplings of the top could 
induce order one changes. Other interesting channels could open up if we consider flavor 
violating decays, like for example tc. It might be relevant or even dominant in the case of a 
relatively light scalar (below the ti threshold) [52]. However, these channels are highly model 
dependent: in this scenario the flavor physics is generated on the Planck brane via mixings 
in non-diagonal localized kinetic terms. For instance, we can choose the parameters so that 
there is no 7r t £c coupling at all. So, we will not consider this possibility further. Regarding 
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Figure 5: Gluon-gluon fusion processes producing top-higgs and top-pion bosons at the LHC. 



the charged top-pion, it will mostly decay into tb pairs, though at loop level there will be 
rare decays to W ±r y and W ± Z, which could lead to interesting signatures. 

At the Large Hadron Collider (LHC) we expect a lot of top-Higgses and top-pions to be 
produced (see Fig. |3J), via the usual gluon fusion or top fusion, now enhanced with respect 
to the SM one by the large Yukawa coupling. If the mass is larger than 2m t , the main decay 
channel is in ti, or multiple tops. The QCD background is large, however it is probably 
realistic to search the spectrum of the ti events due to the enhanced production rate in 
gluon-fusion. A golden channel is represented by the decay into two photons or two Z 
bosons. We expect a substantial number of ZZ events throughout a wide range of masses. 
To observe 77 events, which are enhanced relative to the SM by the large Yukawa and by the 
enhanced production of neutral top-pion and of top-Higgs, we need relatively small masses. 
At Mht ~ 1 TeV, the cross-section is expected to be too small to observe a substantial number 
of events. We have used Pythia [53] to estimate the SM cross-section for a Higgs produced by 
gluon-gluon fusion. This cross-section, suitably enhanced by the large Yukawa, was used to 
estimate numbers of LHC events per 100 fb _1 in Tables ^ and El Of course, strong coupling 
will modify our estimates of cross-sections and branching ratios, so the numbers we present 
should be taken as order-of-magnitude guides. We expect the neutral top-pion to have a 
mass somewhat below the TeV scale, so optimistically one should see the photon-photon 
channel from the neutral top-pion irrespective of the top-Higgs mass. We stress that, for a 
mass in the 500 GeV region, one can expect roughly one photon-photon event per fb _1 , while 
the number of ZZ events should be of order one thousand times larger. At the LHC it will 
be relatively easy to see peaks in the two photons or £ + £~£ + £~ channels, due to the reduced 
background. Thus, a heavy resonance in 77, associated with an anomalous production of 
multi-top events would be a striking signature of these models. If cascade decays of the 
top-Higgs into the top-pion are allowed, we could also observe interesting Zti(ti) channels 
that could lead to striking 6 leptons 4 b events. If the masses are below the top threshold, 
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the main decay channels will be into 6's and gauge bosons. The golden channels are again 
77 and ZZ . The high rate of bb events even above the WW threshold could help distinguish 
a light scalar in our model from a heavy SM Higgs. Also, if the rate of 77 is not too far 
below the rate of £ + £~£ + £~ events it would suggest a large top-loop induced coupling, since 
in the SM this ratio is fixed to be roughly (|^) . 

Finally, the charged top-pion would be harder to study: its production is suppressed as 
we do not have a gluon fusion channel producing solely a top pion. It will be produced 
in association with a tb pair or with a W boson. It will then most likely decay into tb, so 
that its signal will suffer from a large QCD pollution. An interesting effect could be an 
anomalous production of multi 6-jet events. The loop-level decays to Wj and WZ could 
produce interesting multi-gauge-boson events, but these have a suppression comparable to 
the 77 decays of the neutral top-pion. 

6.3 Phenomenology of the higgsless — higgsless model 

Finally, we summarize the tree- level numerical results for the higgsless — higgsless limit. Let 
us first discuss how to fix the values of the parameters corresponding to a potentially inter- 
esting theory. First of all, we would like one of the sides to be a higgsless model as in [30], 
with low enough KK masses for the gauge bosons to ensure perturbative unitarity of the 
PFiyscattering amplitudes. This can be achieved if the first resonance mass is around 600- 
700 GeV, thus fixing Rf' 1 ~ 300 GeV. The value of the W mass will fix the log R' w /R w ~ 10, 
so that a natural value for i?" 1 is around 10 s GeV. On the new side we need the IR scale to 
be large enough to accomodate the top mass, so that R!f ~ 2 — 5 TeV ^> R!^ 1 . However, 
we want to do it without a low-scale violation of perturbative unitarity. Since the KK modes 
on the new side will be very heavy > TeV, this is only possible if the new side does not 
contribute a lot to the W mass itself. From ()6.2|) we can see that this can be achieved by 
choosing a smaller curvature radius for the new side R t <C R w (R' t /R' w ) 2 . For simplicity we 
will also assume the 5D gauge couplings are the same in both bulks, and that g 5 L = g 5 R. 
Then, for any given value of R' t and of the contribution of the new side to the W mass (that 
will determine the perturbative unitarity breakdown scale), we determine the scales R w j and 
R' w , while (75 is fixed by the Z mass. 

We also choose a "reference" bulk fermion in the old bulk as in [30] to fix the wave-function 
normalizations. As in the one-bulk case, when this reference fermion has an approximately 
flat wave-function (cl ~ 0.5) the tree-level precision electroweak parameters S, T, and U 
can all be made small. 

To fix the actual numerical values we choose Rlf = 3 TeV, and we allow the new bulk to 
contribute 5% of the W mass, f% t ~ 0.05(/^ + f% t )- Then for the values quoted above, we 
get R'~ l 7H 276 GeV, and the curvature scales are R~ l « x 10 8 GeV and R^ 1 ^ 2x 10 11 GeV. 
Choosing our reference quark to be a massless left-handed quark with cl = 0.46, we find at 
tree-level S « -0.08, T » -0.04, and U « 0.01. 

The first task after fixing the parameters is to verify that the scale of perturbative unitar- 
ity violation is indeed pushed above the usual SM scale of 1 TeV. For this we can study the 
sum rules [8] that the KK modes masses and couplings have to satisfy in order for terms in 
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Figure 6: Examining perturbative unitarity: the leading partial- wave amplitude ao, as a function 
of center-of-mass energy. 

the scattering amplitudes that grow with a powers of the energy to cancel. We solve numer- 
ically for the Kaluza-Klein resonances of the Z boson. The first one is at M [ z ] ps 676 GeV 
ps 2.45-R^" 1 , as expected. Summing the KK modes up to 8 TeV, we find that the E 4 sum 
rule is satisfied to a precision of 2 x 10~ 6 and the E 2 sum rule to a precision of 5 x 10 -3 . In 
order to find the unitarity violation scale we have shown in Fig. [HI the s-wave partial-wave 
amplitude function of energy, which is obtained by numerically solving for all KK 

mode masses and couplings below 8 TeV, and then approximating the rest of the tower by 
an additional heavy mode so the graph does not misbehave at high energy (note that this 
approximation has no effect below 8 TeV). We can see that the unitarity bound from ao 
is around 5 TeV, well above the SM scale, and a scale likely inaccessible to the LHC. As 
explained in [24], we should only rely on the low-energy linear behavior of this function, 
which tells us that the effective theory is valid up to 5 TeV. 

After fixing the parameters in the gauge sector, we are finally ready to consider the 
physics of the third generation quarks. These particles are assumed to live on the new side, 
but the mass generation mechanism for them would be just like for the other fermions: a 
Dirac mass on the new IR brane would give a common mass to top and bottom, and the 
bottom mass would then be suppressed by a large kinetic term on the Planck brane for b^ 
whose coefficient is £&. We can then proceed in the following way: for a given choice of bulk 
masses cl, cr, we can solve for the requisite Dirac mass Mr, to get the correct top mass m t , 
and then for the mixing needed on the Planck brane to get the correct bottom mass. 

We can then numerically find the Zbb coupling as a function of cl, Cr. We show a plot 
of the deviation of the Zbjbi coupling from the Standard Model value in Fig. EJ Note that 
there is a band, where ps 0.46, where for a wide range of choices of cr, Zbfii is consistent 
with the SM value. This exactly corresponds to picking cl equal to the reference value of 
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the light fermions on the old side. On one side of the band the coupling is larger, and on 
the other side it is smaller. Thus a wide range of loop corrections to the Zbjbi coupling 
from the top-pion contribution can be accommodated in this model by changing the values 
of cl,r, and tuning the sum of the tree-level plus loop corrections to equal the SM value. 
Thus we conclude that while in this model there is no a priori reason to expect this coupling 
to take on its SM value, parameters can likely be chosen such that the SM value could be 
accommodated. 

Since we cannot calculate the loop corrections, for concreteness we will examine a case 
in which the tree-level value of the Zbjbi coupling agrees with the SM. We take cl = 0.46, 
cr = —0.1. We then find that we need to take M D ^ 610 GeV and & ~ 6000 to obtain 
m t — 175 GeV and m b = 4.5 GeV. The tree-level Zbjbi coupling then deviates from the SM 
value by only .03%. We calculate now the various couplings of the pseudo-Goldstones to the 
top and bottom. We find that the couplings involving the right-handed bottom are small: 
9ir%b r ~ 9-K + tib r ~ ~~ 0.106. However, as expected, the couplings involving the right-handed 
top are large: g n 0f ltr ~ ~ — 4.16. Thus the top-pion coupling is four times larger than 

the SM Higgs coupling. 

7 Conclusions 

We have considered extra dimensional descriptions of topcolor-type models. From the 4D 
point of view these would correspond to theories where two separate strongly interacting 
sectors would contribute to electroweak symmetry breaking. In the 5D picture these would 
be two separate AdS bulks with their own IR branes, and the two bulks intersecting on the 
common Planck brane. The motivation for considering such models is the need to separate 
the dynamics that gives most of electroweak symmetry breaking from that responsible for 
the top quark mass (which is the main problematic aspect of higgsless models of electroweak 
symmetry breaking). 

We have described how to find the appropriate matching and boundary conditions for the 
fields that propagate in both sides, and gave a description of electroweak symmetry breaking 
if both IR branes have localized Higgs fields. We have considered both the cases when the 
Higgs VEVs are small or large (the higgsless limit). We discussed the CFT interpretation 
of all of these limits, and also showed that a light pseudo-Goldstone boson ( "top-pion" ) has 
to emerge in these setups. Depending on the limit considered, the top-pion could be mostly 
contained in one of the brane Higgses or in A 5 in the higgsless limit. 

Finally, we have used these models to try to resolve the issues surrounding the third 
generation quarks in the higgsless theories. In these models one of the bulks is like a generic 
higgsless model as in [30] with only the light fermions propagating there, while the new bulk 
will contain the top and bottom quark, but will not be the dominant source of electroweak 
symmetry breaking. The suppression of the contribution to the W mass from the new side 
is either obtained by a small top-Higgs VEV (higgsless — top-Higgs models) or via a small 
curvature radius in the new bulk. A generic issue in all of these cases will be that the top- 
pions (and eventually the top-Higgs) are strongly coupled to the top and bottom quarks. In 
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the higgsless — higgsless case the small curvature radius will also imply that the KK modes 
dominantly living on the new side will be strongly coupled among themselves. In both 
limits the tree-level top mass and Zbb couplings can be made to agree with the experimental 
results, however, due to the coupling of the top-pion one also needs to worry about large 
shifts from loop corrections. We have discussed the basic phenomenological consequences of 
both limits. The top-pion and top-Higgs are expected to be largely produced at LHC. Their 
main signature would be an observable heavy resonance in the 77 channel in association 
with an anomalously large rate of multi-top events. 
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